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Abstract 
The Steady State Superconducting Tokamak (SST-1) at the Institute for Plasma Research was commissioned in 
2013 with the successful experimental validations of its magnets and cryogenic systems. Subsequently, the first 
plasma in SST-1 has been obtained on June 20, 2013.  Since then, the cryo-magnetic systems of SST-1 have been 
operating reliably, in successive plasma campaigns. Unlike other contemporary cable-in-conduit-conductor (CICC) 
based superconducting Tokamak magnets, SST-1 CICC in Toroidal Field (TF) winding packs are cooled with two 
phase helium from a dedicated 1.3 kW helium refrigerator liquefier plant. The TF magnets in SST-1 together with 
other magnets have been supporting creditable plasma operational scenarios since then, with the TF magnets being 
charged up to a maximum of 2.0 T on the plasma major radius so far. The vapour cooled current leads of SST-1 are 
also uniquely operated with cooled helium vapour all along, instead of liquid helium being stored in the lower 
superconducting sections. The operational experiences with SST-1 TF magnets, PF magnets, and the supporting 5 K 
and 80 K cryogenic systems contributing towards successful operations of SST-1 plasma experiments are elaborated 
in this paper. 
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1. Introduction 
     The SST-1 superconducting magnet system (SCMS) consists of sixteen superconducting toroidal field (TF) and 
nine poloidal field (PF) coils, wound using Cable-in-Conduit Conductors (CICC) [1-2]. Unlike other contemporary 
CICC based superconducting Tokamak magnets, the SST-1 CICC in the TF winding packs are cooled at 4.5 K using 
two phase helium from a dedicated 1.3 kW helium refrigerator/liquefier (HRL) plant [3]. The SCMS system is 
surrounded with a 80 K thermal shield. The SST-1 employees a unique design of double embossed hydro-formed 
panels as its thermal shield that enables efficient heat transfer with very high heat transfer co-efficient and lower 
pressure drops across the hydraulic path. About 40 tons of cold mass at 4.5 K is being cooled in sixteen days 
employing the SST-1 HRL. The cooling down is controlled with the maximum thermal gradient across anywhere in 
the helium circuit being limited to less than 50 K in accordance with the maximum allowed thermal stress in the 
system. SST-1 HRL is capable of supporting the SST-1 SCMS in both two phase and supercritical mode. However, 
at present the SST-1 SCMS is two-phase cooled and operated in two phase mode successfully and stably devoid of 
any thermo-acoustic instabilities in repeatable and reliable fashion. In order to charge the TF magnets at their rated 
current of 10000 A, vapour cooled current leads are being used. Liquid helium gets converted into vapour and then 
gaseous state as it cools down the entire length of the heat exchanger section of the current leads using its latent heat 
and enthalpy. In a recent SST-1 campaign, we have the unique experience of operating the current leads in helium 
gas cooled mode only where the latent heat of liquid helium vapour is only exploited. In this paper, some of our 
experiences gained during the engineering validation of SST-1 are highlighted in addition to the performance results 
of SST-1 magnet and cryogenics systems during plasma operations. These sub-systems have been operating reliably 
since the start of the SST-1 `First Plasma’ operation. 
2. Brief technical description of the SST-1 magnet system 
The SST-1 TF magnets system consists of sixteen superconducting, modified `D’ shaped coils. These coils are 
made using NbTi/Cu based CICC [4]. The TF magnets system is designed to provide a magnetic flux density of 
3.0 T at the plasma major radius with a field ripple of < 2% within the plasma volume of 20 m3 at its nominal 
operating current of 10000 A. The SST-1 PF coils system comprises nine superconducting coils and two resistive 
coils [5]. These coils allow for a variety of plasma equilibrium with a wide range of elongation and triangularity.  
The superconducting PF coils are wound from the same CICC as used for TF coils and have operational current 
ratings of 3000 A-9100 A. Plasma breakdown and initial current ramp up is done by a resistive central solenoid. A 
pair of resistive vertical field coils provides equilibrium during initial phase of operation.  
All resistive coils are wound with OFHC copper conductors. As part of the SST-1 refurbishment, many design 
changes were done on the TF and PF coils. These changes include new joints, insulation improvements, new inlet 
and outlet helium manifolds and TF coil case cooling panels etc. It was mandatory for the SST-1 refurbishment that 
all these design changes had to be fully validated in nominal operating conditions of these magnets. This decision 
was reasonable as in a typical Tokamak configuration; access to magnets for repairs is very limited and replacement 
of damaged TF/PF magnets components may involve partial or full dismantling of the machine.  
So prior to the assembly on the SST-1 machine shell, all magnets were consciously tested at cold and current 
charging, helium leak tightness, insulation integrity, electro-magnetic, thermo- hydraulic and mechanical 
performances at full operating current in either two phase or supercritical cooling conditions. In total 25 of such cold 
tests were done within the period of June 2010 to Jan 2011. All coils refurbishment activities were completed on 15 
Dec 2010 against the schedule of 19 Sep 2011. Coil test activities were completed on 24 Jan 2011as against the 
schedule of 26 Oct 2011. All the SST-1 TF coils and PF-3 coils have been tested in both supercritical and two phase 
cooling modes at their respective operating currents at 5 K prior to their assembly on to the SST-1 machine shell.  
After completion of the successful coils test program, in parallel, the SST-1 machine assembly and integration 
were realized and the first successful plasma in SST-1 was obtained on June 20, 2012 after a rigorous engineering 
validation of the integrated sub-systems. Subsequently, about ten successful plasma campaigns were carried out till 
date. During every campaign, there was gradual improvement in the plasma performances and new learnings have 
been added.   
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3. Brief technical description of the SST-1 cryogenic system 
The overall 1.3 kW at 4.5 K, capacity of the cryogenic HRL system is working since 2003 at the Institute for 
Plasma Research, India. The operational features of HRL are: controlled cool-down of SCMS from 300 K to 4.5 K, 
two phase mode, high pressure / sub-cooled helium mode, controlled warm up of SCMS, absorption of transients 
(AC losses from SST-1 SCMS during ramp up /down), vertical displacement event (VDE), plasma disruption., 
handling abnormal events viz. quench of SCMS and emergency shut-down with safety protocols. Pure liquefaction 
capacity is utilized for the cooling of the vapor cooled current leads within the current feeders system (CFS) whereas 
refrigeration capacity is used to cool the SCMS at 4.5 K 
The HRL capacity includes a refrigeration capacity of 650 W at 4.5 K and 7 g-s-1 liquefaction capacity in closed 
loop. The HRL system is designed as a custom based modified Claude cycle module, which uses three oil flooded 
screw compressors, oil removal system, main purifier (dual beds) and the cold box includes a trench of heat 
exchangers, three turbines (Turbines A, B, C), JT valves, cold circulator and main control Dewar (MCD) to meet the 
thermodynamic process design requirements in closed loop. Turbines A and B are connected in series while turbine 
C is a hypercritical turbine at the cold end, which gives additional cooling power of about 250 W at 4.5 K to collect 
more liquid yield in MCD. A cold circulator (CC) uses the liquid of the internal sub-cooler and boosts the 
supercritical helium flow to 300 g-s-1 to fulfill the cooling requirements of SST-1 at 0.4 MPa and 4.5 K. The role of 
the MCD is to supply the required liquid helium to current leads at 0.12 MPa and 4.4 K. In addition, MCD acts as a 
thermal buffer to dump the pulsed loss of SST-1 and to provide constant thermodynamic process parameters to the 
return path of HRL. A typical volume of MCD is ~ 2500 L. Many small laboratory scale and large-scale 
experiments were done using this HRL system [3-4], which includes CICC loop hydraulic characteristics, TF coil 
test campaign, current leads performance validation test and SST-1 cool-down and current charging Campaign. Fig. 
1 describes the process flow diagram of the HRL system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Process flow diagram of the HRL system with connection of SST-1 SCMS and CFS. 
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4. Engineering validation experience with the SST-1 magnet and cryo system 
Prior to the experimental `First Plasma’ attempts on SST-1, a systematic engineering validation was carried out. 
The `engineering validation’ was aimed to demonstrate the integrated performance of the assembled SCMS, the 
`figure of merit’ i.e. the `field errors’ of the magnet system, the integrated cooling down of the magnet system, the 
thermo-mechanical and electro-magnetic behaviour of the cryo-magnet systems during cooling down and current 
charging, the vacuum integrity of the cryostat as well as that of the vacuum vessel, the leak tightness of the entire 5 
and 80 K circuits and the probability of Paschen-like off-normal events during plasma break-down and magnet 
protections, the integrity of the current feeder box in response to the operational scenarios and so on. These were 
successfully carried out as per the design parameters prior to the first plasma. The entire SST-1 TF magnet system 
was made superconducting in two phase mode on Sep 27, 2012 for the first time (Fig. 2) and the TF coils were 
charged to 1.5 T subsequently. Fig. 3 shows such a typical charging of the SST-1 assembled TF magnets along with 
the measured Hall Probe values which scales up to 1.5 T. 
 
                  
   
 
 
 
 
 
 
 
 
Fig. 2. TF winding pack (WP) resistance become zero.                    Fig. 3.  TF magnetic field and current w.r.t. time for different fields. 
5. Performance results of the SST-1 TF magnet system 
The SST-1 TF coils even though they are CICC based, are reliably operated in two phase flow mode with 
adequate cryo-stability in all the SST-1 experimental campaigns. The typical TF operational flat top exceeds 20000 
s without any problem. Fig. 4 shows such behavior of SST-1 TF coils operating at 1.5 T (corresponding to a current 
of ~ 4700 A). The typical temperature profile has been shown which does not change at all during the ON time of 
TF magnets. Fig. 5 shows the results of an experimental shot where the TF coils were charged up to 2.0 T at the 
plasma center with gas cooled current leads. However, since the pre-ionization in SST-1 is done with a 42 GHz 
Electron Cyclotron system at 1.5 T, such high field operations are not followed in SST-1 operations. The SST-1 TF 
magnet system is the only CICC wound magnet system, which to our knowledge are operated with the two phase 
flows in contemporary Tokamaks.  
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 4. TF current and outlet temperature w.r.t time.                         Fig. 5. TF magnetic field and current w.r.t. time for 2.0 T field. 
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6. Performance results of the SST-1 cryogenics system 
6.1. Performance of the 5 K system 
About 40 tons of cold mass at 4.5 K is being cooled using this HRL system in sixteen days (Fig. 6) in order to 
have controlled cool-down from the thermal stress protection point of view. In order to mitigate the hydraulic 
imbalance within the PF system as well as additional heat loads on to the TF system by conduction cooled passive 
structures within SST-1 Machine, the PF and Case hydraulics cooling were bypassed at the outlet temperature of 
24 K and the active cooling of the TF system was allowed to reach down to 4.5 K for the cryo-stable current 
charging conditions (Fig. 7). However, presently, we do not intend to produce any shaped plasma and we do not 
require PF coils as well as their current leads operation. In order to save the precious cold power due to unused PF 
coils and current leads, a modification was done to improve the experimental window from 3 to 10 days.   
   Fig. 6. Extended SST-1 experimental window after CFS modifications.            Fig. 7. LHe level maintained during TF current charge. 
6.2. Performance of the 80 K system 
 A ssuccessful cool down of the SST-1 SCMS was carried out using the 1.3 kW at 4.5 K HRL cryo system. 
Defined protocols and procedures of cryo plant preparedness before the cool-down were followed. After completion 
of the pre-commissioning mode, the SST-1 80 K thermal system was cooled with low pressure LN2 in a controlled 
manner and maintained to a uniform temperature range of 80–85 K across the SST-1 thermal shields (130 double 
embossed shields) and other auxiliary cryo sub-systems. Uniform cooling of all 130 numbers of 80 K thermal 
shields were obtained, which were distributed among five groups.  
6.3. Performance of current leads in helium gas cooled mode 
During a recent test campaign of the SST-1 machine, an attempt was made to study the experimental 
performance of existing conventional vapour cooled current leads (VCCLs) under the pure cold gas cooling mode, 
where liquid helium supply reservoir was made empty to ensure that only cold helium gas can be utilized for cooling 
of these 10 kA rated current leads. Fig. 8 shows the successful operation of these CLs were obtained up to the 
operation current of 4700 A in a pure helium gas cooled mode and a more than 3600 s flattop of TF coils was 
obtained by which a considerable amount of precious cold liquefaction capacity could be saved. The equivalent 
refrigeration capacity was then added for the SCMS cooling to maintain and extend the experimental windows from 
3-8 days. Enhancement in cryo-stability for the current leads was provided by the turbulent flow heat transfer and 
enthalpy of cold helium gas.  
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Fig. 8. Vapour cooled current leads operation in SST-1 under pure helium gas cooling mode. 
7. Conclusion 
The SST-1 superconducting TF and PF magnet systems have been fully refurbished and commissioned after 
rigorous and successful tests of the individual coils under nominal operating conditions at cold and with current. The 
superconducting magnet systems got assembled in SST-1 machine shell only after qualifying the set performance 
parameters. The pre-assembly rigorous tests gave a unique opportunity to test and validate all associated subsystems 
like quench detection, signal conditioning, data acquisition system and sensor installation methods in addition to the 
performance tests of the magnets. Meticulous and coordinated planning of the test activities, strict quality control 
and assurance plans led to successful completion of the test activities earlier than the projected mile stone. Till date, 
the assembled SST-1 TF magnets system have been validated for operation up to 2 T in the plasma center (~ 3.8 T 
in the winding pack) in the test SST-1 machine. In order to improve the reliability and the availability of the cryo-
system, continuous efforts have been put on the preventive maintenance of HRL system, enhancement of cryogenics 
operation window by means of saving of precious stand-by cooling power of PF current leads and HRL capacity up-
gradation. Large surface area 80 K embossed shields and 5 K TF Case cooling shields were engineered and 
successfully validated as an integrated system within SST-1. As a part of a unique experience, vapor cooled current 
leads have been successfully tested and operated under pure helium gas cooling mode for the first time. The SST-
1TF winding packs operate in a stable manner under two phase flow helium conditions during all the SST-1 
experimental plasma discharges.  During all SST-1 campaigns; Instrumentation, control and data acquisition system 
for the SCMS as well as CFS systems were found to be operating satisfactory and reliably. 
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